Iron deficiency (ID) is the most prevalent micronutrient deficiency in the world and it affects neurobehavioral outcome. It is unclear whether the effect of dietary ID on the brain is due to the lack of neuronal iron or from other processes occurring in conjunction with ID (e.g. hypoxia due to anemia). We delineated the role of murine Slc11a2 [divalent metal ion transporter-1 (DMT-1)] in hippocampal neuronal iron uptake during development and memory formation. Camk2a gene promoter-driven cre recombinase (Cre) transgene (Camk2a-Cre) mice were mated with Slc11a2 flox/flox mice to obtain nonanemic Slc11a2 hipp/hipp (double mutant, hippocampal neuron-specific knockout of Slc11a2 hipp/hipp ) mice, the first conditionally targeted model of iron uptake in the brain. Slc11a2 hipp/hipp mice had lower hippocampal iron content; altered developmental expression of genes involved in iron homeostasis, energy metabolism, and dendrite
Introduction
Proper iron balance in the brain appears to be essential for normal cognitive development and function. However, previous studies on the effects of early iron deficiency (ID) 16 on the developing brain have relied on dietary or genetic (e.g. Belgrade rat, microcytic anemia mouse, or H-ferritin knockout mice) models that induce total body ID and ID anemia (IDA) in the mother and offspring. Elucidating the specific role of iron in the development of particular brain cell types or structures has not been possible through these models because of concomitant, potentially neuropathological processes such as anemia, tissue hypoxia, stress, and increased uptake of other divalent metals.
In this study, we presented a mouse model that specifically addresses the role of iron in the developing hippocampus not only to avoid confounding processes, but also to examine the contribution of ID-induced hippocampal dysfunction to the overall clinical spectrum of abnormal cognitive behavior in early IDA (1) .
Early IDA alters recognition memory behavior in humans (2,3) and rodents (4) (5) (6) (7) (8) in several hippocampus-dependent tasks. IDA leads to molecular, metabolic, structural, and synaptic changes in the hippocampus that accompany behavioral changes, which remain even after iron repletion (9, 10) . The alterations in pre-and postsynaptic plasticity in the hippocampus provide a link between cellular changes in the hippocampus and memory deficits in ID rats (11) .
Neurons accrete iron by a classical cellular uptake mechanism. Diferric transferrin (Tf) is synthesized and secreted by oligodendrocytes and astrocytes, localizes to the extracellular fluid space, and binds Transferrin Receptor-1 (TfR1) expressed on the neuronal cell membrane (12, 13) . The TfR1-Tf complex is taken up by a clathrin-coated endosome. Iron molecules are off-loaded in their ferrous state and transported across the endosomal membrane by Slc11a2 [divalent metal ion transporter-1 (DMT-1)] (14) . The system is appropriately regulated by neuronal iron status in vivo (15) and is activated and inhibited by excitatory and inhibitory neurotransmitters, respectively, in vitro (16) .
The conditionally targeted Slc11a2 knockout mouse model is the first, to our knowledge, to isolate the effect of ID without anemia in hippocampal neurons in vivo. In this study, we demonstrated that the lack of iron alone is responsible for molecular, biochemical, structural, and behavioral abnormalities in IDA and also showed that memory training induces markers of neuronal iron uptake in Slc11a2
WT/WT mice.
Methods
Mice. All experiments were approved by the Institutional Animal Care and Use Committee of the University of Minnesota and performed in accordance with the NRC's Guide for the Care and Use of Laboratory Mice. Targeted Slc11a2 flox/flox mice in a 129 J1 background strain (17) were crossed with mice expressing a Camk2a gene promoter-driven cre recombinase (Cre) transgene (CaMKIIa-Cre) [L7ag#13 line (18) ] transgenic mice in a C57BL/6J background to generate a double mutant, hippocampal neuron-specific knockout of Slc11a2 (Slc11a2 hipp/hipp mice) in a mixed, Filial 2 generation, 129 J1/C57BL/6J background. All experiments except dendrite apical shaft measurements were performed in littermates of this mixed background strain. To visualize neurons for dendrite measurements, Slc11a2 hipp/hipp mice were backcrossed over 6 generations into C57BL/6J and then crossed with Tg(Thy1-YFP)23Jrs mice in a C57BL/6J background (19) obtained from the Jackson Laboratory to generate triple mutants with central nervous system neurons randomly labeled with yellow fluorescent protein (Supplemental Methods).
Hematocrit measurement. Blood samples for measuring hematocrit were taken from postnatal d (P) 90 Slc11a2 hipp/hipp mice (n ¼ 9) and wildtype littermates (Slc11a2 WT/WT mice) (n ¼ 22) with heparinized capillary tubes from the right cardiac atrium before the mice were perfused. Tubes were centrifuged at 3000 3 g; 20 min and measured with a standard hematocrit reader.
Iron concentration measurement. Elemental iron concentrations in total brain, cortex, cerebellum, and hippocampus from the same P90 mice used for hematocrit measurement were determined by atomic absorptiometry as described elsewhere (11, 20) . The number of mice ranged from 4 to 14 per group. Samples were pooled from multiple mice to achieve sufficient tissue for evaluation of regional brain areas and structures. Values were expressed as mmol (of iron)/g dry weight.
Modified Perl's iron staining. Brain sections from P25 Slc11a2 hipp/hipp (n ¼ 4) and Slc11a2 WT/WT (n ¼ 4) mice (not used in other experiments) were stained for iron with a modification of the Perl's iron stain, as described previously (21) (22) (Supplemental Methods).
Tissue dissection and RNA collection. Male mice (not used in other experiments) at P5, P10, P15, P20, P25, P45, and P90 were killed by an intraperitoneal injection of Beuthanasia (10 mg/kg). Brains were removed from the cranium and bisected. The hippocampus was dissected and flash-frozen in liquid nitrogen. Total RNA was isolated using an RNA-isolation kit (Stratagene) and concentrations were measured by absorbance at 260 nm (A 260/280 ) using a NanoDrop ND-1000 (NanoDrop Technologies). In trained mice, hippocampal RNA was isolated as described above immediately after the last probe trial in the Morris water maze (MWM).
Quantitative real-time PCR. Messenger RNA levels were measured for 18 transcripts from P5 to P45-90 by real-time, quantitative PCR (qPCR) (Taqman) (Supplemental Table 1 ). Ten mRNA transcripts were used to assess iron metabolism, the neurometabalome, and dendritic structure (15, 21, (23) (24) (25) (26) . Six transcripts indexed pathophysiologic processes, including hypoxia, stress, and altered divalent metal metabolism that confound brain IDA models (23, (27) (28) (29) (30) (31) (32) (33) . RT was carried out using SuperScript III (Invitrogen) and random hexamer probes and 4 mg of total RNA was used to generate cDNAs (Supplemental Methods).
In vivo 1 H NMR spectroscopy. P90 Slc11a2 hipp/hipp mice (n ¼ 6) and Slc11a2
WT/WT mice (n ¼ 6), not used in other experiments, were examined with in vivo 1 H NMR spectroscopy at 9.4Tesla as previously described (34-39) (Supplemental Methods). All experiments were performed on a 9.4 T/31 cm magnet (Magnex Scientific) equipped with an 11-cm gradient coil insert (300 mT/m, 500 ms) and strong 2nd-order shim coils (Resonance Research). The magnet was interfaced to a Varian INOVA console (Varian). A quadrature surface radio frequency coil with 2 geometrically decoupled single-turn coils (14-mm diameter) was used for both RF transmission and reception. The position of the volume of interest (VOI) was selected based on multi-slice rapid acquisition relaxation-enhanced MRI. VOI were centered in the left dorsal hippocampus. The size of the VOI (5-6 mL) was adjusted to fit the anatomical structure of the hippocampus and to minimize partial volume effects (excluding cerebral cortex and ventricles). Metabolite concentrations were analyzed using the linear combination model (36) .
Dendrite morphometry in hippocampal area Ammon's Horn 1. Morphometry studies were conducted on P45 as described previously (20) . Cornus Ammon 1 (CA1; area 1 of Ammon's Horn in hippocampus) was assessed medially and laterally as described previously (15) . Measurements were made of the length of the initial segment of the apical dendrite, defined as the segment extending from the pyramidal cell soma to the first proximal lateral branching point (20, 40) . Only dendrites visibly connected to cell soma were measured.
MWM. Two versions of the MWM were used in P90 mice. The first method utilized a moving platform that permitted a daily assessment of spatial memory (41); a visually cued version was used to test motivation and the capacity to swim. This version of the MWM was too difficult for the mice with hippocampal ID to learn. Thus, we used a 2nd, easier version of the MWM that utilized a fixed hidden platform that serially decreased in size (and thus increased in difficulty) over the training day to help the mice maintain a motivation to swim. For detailed behavioral methods, see Supplemental Methods.
Statistical analysis. For statistical comparisons between data from

Slc11a2
hipp/hipp and Slc11a2 WT/WT mice in hematocrit, iron content, 1 H MRS, and dendrite morphometric studies, significance was determined using unpaired, 2-tailed Student's t tests.
Two-way ANOVA was performed with Cre status (df ¼ 1), postnatal age (df ¼ 6), and their interaction (df ¼ 6) as fixed factors to determine Conditional Slc11a2 knockout in hippocampus 673 by guest on May 2, 2016 jn.nutrition.org the effects of hippocampal-specific knockout of Slc11a2 and postnatal age on qPCR determined mRNA expression. Bonferroni corrected post hoc t tests were performed for each fixed factor.
Mixed-model ANOVA (with repeated measures for day of training) was performed with Cre status (df ¼ 1), day of training (MWM1, df ¼ 2; MWM2, df ¼ 5), and their interaction as fixed factors (MWM1, df ¼ 2; MWM2, df ¼ 5) to determine the effects of hippocampal specific knockout of Slc11a2 and training on measures of MWM performance. Bonferroni corrected post hoc t tests were performed for each to compare for significant differences in memory performance on each day. Two-way ANOVA was performed with Cre status (df ¼ 1), MWM version (df ¼ 2), and their interaction (df ¼ 2) as fixed factors, to determine the effects of hippocampal specific knockout of Slc11a2 and training on qPCR determined mRNA expression. Bonferroni corrected post hoc t tests were performed for each fixed factor. We made 3 a priori comparisons using unpaired 2-tailed Student's t tests: 1) altered gene expression in trained versus untrained Slc11a2
WT/WT mice after the difficult MWM (hard version); 2) altered gene expression in Slc11a2 hipp/hipp and Slc11a2
WT/WT mice after the easier MWM version (enabling version); and 3) altered gene expression in trained (easier MWM version) compared with untrained Slc11a2 hipp/hipp mice.
Results
The hematocrits of the adult Slc11a2 hipp/hipp (0.48 6 0.01) and Slc11a2
WT/WT mice (0.48 6 0.01) were normal and did not different from each other. The hippocampal iron concentration was reduced by 42% (P , 0.05) in adult Slc11a2 hipp/hipp mice compared with the wild type without reduction of whole brain, cerebellar, or cortical iron concentrations (Fig. 1) . P25 Slc11a2 hipp/hipp mice had less staining in all hippocampal subfields, including CA1 pyramidal neurons compared with Slc11a2 WT/WT mice ( Fig. 2; Supplemental Fig. 1 ). Ten mRNA transcripts relevant to iron metabolism, neurometabolome, and dendritic structure (15, 21, (23) (24) (25) (26) were different in Slc11a2 hipp/hipp mice compared with Slc11a2 WT/WT mice across all ages tested (Supplemental Table 1 ; Fig. 3 ; Supplemental Fig. 2 ). ANOVA statistics (Factor, F-statistic, P-value) for each comparison are listed in each figure legend. These included significantly lower Slc11a2 mRNA levels in Slc11a2 hipp/hipp mice with a probe designed for the region of deletion by Cre and a higher level of TfRc mRNA. Gene expression for Aco1 iron responsive protein-1; (IRP-1) and Ireb2 iron responsive protein-2; (IRP-2) and the 6 mRNA transcripts (Adarb1, Ldha, Sod1, Sod2, Dio2, and Nr3c1) that served as markers of pathophysiological processes to confound brain IDA models (23, (27) (28) (29) (30) (31) (32) (33) did not differ between Slc11a2
WT/WT and Slc11a2 hipp/hipp mice. Among the 17 neurometabolites that could be reliably quantified by MRS in the hippocampus (Supplemental Fig. 3 ), phosphocreatine concentrations were 10% lower (P , 0.01) and lactate concentrations were 38% lower (P , 0.01) in Slc11a2 hipp/hipp mice than in Slc11a2 WT/WT controls (Fig. 4) . The sum of glutamine (Gln) and glutamate (Glu) concentrations and the phosphocreatine:creatine ratio, which is directly related to cellular energy status [ATP]/[ADP] free (42, 43) , were decreased in Slc11a2 hipp/hipp mice by 11% (P , 0.05) (Supplemental Fig. 4 ) and 13% (P , 0.05) (Fig. 4) , respectively. Slc11a2 hipp/hipp mice had 20% shorter dendritic main shaft lengths (90 6 4 mm) and disorganized branching patterns in area CA1 of hippocampus compared with Slc11a2
WT/WT mice (113 6 3 mm) at P45 (P , 0.001) (Fig. 5) .
On the more difficult version of the MWM, Slc11a2
WT/WT mice reached the criterion of spending 50% of their time searching in the target quadrant on d 3 of the probe trials (P , 0.01). Slc11a2 hipp/hipp mice performed no better than chance and did not improve over time (Fig. 6A) . Slc11a2 hipp/hipp mice had longer mean escape latencies and spent significantly less time in the target quadrant during training (Fig. 6B,C) . During training, Slc11a2 hipp/hipp mice appeared to have more bouts of immobility, confirmed by progressively slower mean swim velocities over the training days and more inactive time (Figs. 6D,E ). There were no differences between groups in mean escape latency in jn.nutrition.org the visual cued task, a control for procedural memory, sensorimotor function, motivation, and capacity to swim (data not shown).
In the easier 2nd version of the MWM, Slc11a2 WT/WT mice again reached criterion on the probe trial after d 3 of training (Supplemental Fig. 5 ). Slc11a2 hipp/hipp mice did not reach criterion by d 3 but, unlike their performance on the difficult version of the MWM, showed progressive improvement and met the criterion on the probe trial after d 4 of training. They swam at similar velocities, did not exhibit more floating behavior, spent similar amounts of time in the target quadrant, and had equal mean escape latencies during training as the Slc11a2 WT/WT mice (Supplemental Fig. 5 ; data not shown). MWM1 and MWM2 ANOVA statistics (Factor, F-statistic, P-value) for each comparison are listed in each figure legend.
Spatial memory training induces gene expression in subfields of the hippocampus (44) . Expression of 4 genes regulating iron metabolism and 2 regulating synaptic plasticity was altered based on Cre status or the interaction between Cre status and MWM version. Training on the harder version of the MWM induced upregulation of Slc11a2, Tfrc, Aco1, Ireb2, Grin2b, and Camk2a in Slc11a2
WT/WT mice compared with the untrained condition. The easier version of the MWM elicited greater Aco1 and Camk2a expression in trained compared with untrained Slc11a2 hipphipp mice. Tfrc, Aco1, Ireb2, Grin2b, and Camk2a expression was greater in Slc11a2 hipphipp mice trained on the easier MWM compared with Slc11a2
WT/WT (Fig. 7) . ANOVA statistics (Factor, F-statistic, P-value) for each comparison are listed in each figure legend.
Discussion
Iron is essential for life and whole-body knockout of the Slc11a2 gene results in death in the first week of postnatal life (17) . The role of iron in the developing brain has been of interest for over 25 y. Many of the studies on the subject fall into 2 categories: those that propose mechanisms of the generation and maintenance of iron homeostasis in the developing brain and those that investigate the consequences of iron dysregulation to that developing organ. Our model is of potential relevance for both. Slc11a2 and its encoded protein DMT-1 are essential for iron uptake by hippocampal neurons. Deleting the gene in a timed, tissue-specific manner causes abnormal hippocampal neuronal development, energy metabolism, and neuronal structure. The results suggest that the neurocognitive findings in previous models using more global dietary or whole-animal mutant models of IDA were indeed due to the lack of hippocampal neuronal iron and occur independently of many of the potential coexisting confounders of those models.
Previous studies have identified processes that may explain how ID early in life leads to abnormal cognitive function. These include characterization of pathophysiological processes (e.g. hypoxia, cortisol activation, dysregulation of homeostasis of other micronutrients) and developmental processes (e.g. proliferation, cell death, differentiation). The studies have identified specific brain regions that are affected (e.g. hypothalamuspituitary-adrenal axis, striatum, hippocampus), cell type-specific effects of ID, and particular iron-dependent biochemical reactions (e.g. oxidative phosphorylation, dopamine production, fatty acid metabolism, nucleotide synthesis) (45) . Many of these are highly linked and coordinated, making it difficult to investigate the specific effect of iron on neuronal development and function in an in vivo model. The ability to eliminate DMT-1-mediated neuronal iron uptake during the postnatal hippocampal growth spurt allows for such an assessment.
We found significant differences in 10 mRNA transcripts that are relevant to the neurometabolomic, structural, and behavioral phenotypes we characterized in Slc11a2 hipp/hipp mice. These include an expected decrease in Slc11a2 mRNA in Slc11a2 hipp/hipp mice compared with Slc11a2 WT/WT littermates, with a probe designed for the region of deletion by Cre, and a significant increase in TfRc mRNA, which is upregulated in IDA (15,23), further confirming that our model induces hippocampal ID. Levels of TfRc mRNA returned to normal levels at P90, suggesting a lower iron demand in the P90 than in the P25 hippocampus. We observed significant upregulation of Rasd1, which has been shown to couple glutamate receptor activation to Slc11a2-mediated iron uptake in neurons (25) . We also observed significant differences in developmental expression of Grin2a and Nos1, but not Grin2b, which are also part of the neuronal activity-dependent iron uptake mechanism (25). Significant differences in Ckb (creatine kinase, brain) and Slc2a3 (neuronal glucose transporter Glut-3) were observed in Slc11a2 hipp/hipp mice compared with Slc11a2 WT/WT littermates, consistent with the decreased energy metabolism we characterized with MRS. We demonstrated significant differences in Camk2a and Dlg4 (PSD-95), 2 genes that are imperative for normal dendrite development (24, 26) and are also affected in an IDA model (23) . Slc11a2 hipp/hipp mice and Slc11a2 WT/WT littermates did not differ in the 6 mRNA transcripts that we used as markers of pathophysiological processes that confound brain IDA models. These included Adarb1, which is downregulated in hippocampal pyramidal neurons during hypoxia (30) , and Ldha, a lactate dehydrogenase gene induced by hypoxia (27) . DMT-1 has been shown to transport several other divalent cations both in vitro (46, 47) and in vivo (48) . Dietary IDA models alter brain levels of copper and manganese (49, 50) . The lack of upregulation of Sod1, a cytosolic copper-zinc superoxide dismutase gene that is upregulated in the presence of cadmium, copper, and zinc (33) , and Sod2, a mitochondrial superoxide dismutase gene that is upregulated in the presence of manganese (31) , suggests that dysregulation of noniron metal homeostasis in brain or hippocampus of Slc11a2 hipp/hipp mice was unlikely. However, definitive measurements of copper, zinc, and manganese levels in the hippocampus of this mouse have not yet been performed. Dio2, a gene encoding the enzyme iodothyronine deiodinase type II, which activates thyroid hormone and is upregulated in IDA (23), was not altered in Slc11a2 hipp/hipp mice compared with Slc11a2
WT/WT littermates. Stress and glucocorticoid activity alter dendrite morphology of cells in the hippocampus in rodents (28, 32, 51, 52 littermates. This is in contrast to IDA in the rat hippocampus, where changes in additional metabolites, such as markers of myelination (phosphorylcholine, phosphorylethanolamine, myoinositol), GABAergic neurotransmission, and neuronal number (N-acetylaspartate) were found (37) . These broader effects in the dietary model might have been due to the secondary effects of IDA rather than direct effects of ID. Our results are consistent with studies linking dietary ID after weaning with decreased brain glutamate concentrations (53, 54) . Iron levels regulate central nervous system glutamate formation and secretion via the iron-dependent enzyme cytosolic aconitase (IRP-1) in retinal pigment epithelial cells (55) .
Normal glutamate and energy metabolism are critical for dendrite morphogenesis and synapse formation occurring between P15 and P25 (40, 56) . Iron import into the rat hippocampus is greatest immediately preceding the hippocampal growth spurt (prior to P15) and is characterized by the rapid appearance of iron transport and iron regulatory proteins (57, 58) . The shafts and spines of apical dendrites of CA1 pyramidal neurons are highly metabolic areas characterized by rapid local iron transmembrane cycling via TfR1 (59, 60, 61) . The abnormal morphology found in Slc11a2 hipp/hipp mice compared with Slc11a2
WT/WT littermates suggests that this process was perturbed by the lack of neuronal iron uptake and could underlie the behavioral abnormalities. Although the alterations in energy metabolism did not appear to cause neuronal starvation and cell death, the cells may well have been in a state of energy conservation with limited ability to support growth during a critical period of dendritic differentiation. The hippocampus has been implicated in several aspects of memory function, including acquisition, retrieval, and strategy switching (62, 63) . We attributed the abnormalities in spatial navigation memory performance in Slc11a2 hipp/hipp mice to be dependent on the integrity of hippocampus and related to the structural and neurochemical changes we have demonstrated there. The results of the first spatial memory experiment, in which the hidden platform was moved between training trials within the target quadrant, could be explained by the Slc11a2 hipp/hipp mice responding to the difficulty of the task with behavioral despair or learned helplessness, as in a Porsolt forced swim task (64) . The results of the 2nd MWM experiment showed that the induction of bouts of immobility can be avoided when the task is made easier. Yet, the slower rate of learning and the later day the mice reached criterion in the probe test suggested that learning and memory systems were adversely affected in Slc11a2 hipp/hipp mice compared with Slc11a2
littermates. This is the first study, to our knowledge, confirming that spatial memory training induces experience-dependent iron uptake in hippocampus in wild-type mice and that hippocampal neuron-specific deletion of Slc11a2 alters experience-dependent jn.nutrition.org gene expression related to iron uptake and synaptic plasticity. The 2 versions of the MWM allowed us to assess whether iron uptake by DMT-1 is required for learning in the more difficult version. When we enabled learning in the 2nd MWM version, Slc11a2-deficient hippocampal neurons responded with increased expression of both iron uptake and regulatory mRNAs and 2 markers of neuronal plasticity (Grin2b and Camk2a), and Aco1 in Slc11a2 hipp/hipp mice compared with Slc11a2
WT/WT littermates, despite iron depletion. These results suggested that iron is not essential for learning and plasticity but that proper iron balance greatly facilitates it. In light of this, the mechanism of activity-dependent iron uptake proposed by Cheah et al. (25) may, under normal physiologic conditions, be a mechanism to promote proper iron balance required for normal memory formation in the hippocampus. Our model is particularly relevant to understanding abnormal cognitive function due to fetal/neonatal ID in newborn humans. Hippocampus-based auditory recognition memory is compromised in nonanemic ID infants of diabetic mothers (3), who also showed deficits in memory of multi-step event sequences compared with typically developing controls at 1 y of age (2) . One implication of the behavioral results in Slc11a2 hipp/hipp mice for clinical treatment is that interventions that facilitate learning may improve cognitive outcomes in formerly ID children.
The model we present here will be useful in studying many aspects of iron in neurobiology, neurodevelopment, behavior, and experience-dependent plasticity such as cell death, neurogenesis, and synaptogenesis. It also offers an opportunity to study intracellular distribution of iron and how iron homeostasis is sensed and maintained among the many neural cell subtypes residing in hippocampus.
